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Difficult to generate Higgs quartic coupling that preserves custodial SU(2)
symmetry in LH models
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Most LH models predict ~ —— ~ )
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— Precision EW physics constrain heavy gauge boson masses my+ < 2—3 TeV
— Avoiding fine-tuning in the top sector requires mp < 1—2 TeV

Bestest LH Model generates a custodially symmetric Higgs quartic coupling with
relatively light top partners
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Scalar Potential below f ~ 1 TeV:
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Higgs spectrum below f 1s a 2HDM
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Introduce another independent sigma model at a scale F'> f

Global:  SO(6)4 SO(6) 5 SU(2)c SU(2)p
Gauged: SU(2)a U(l) SU2)p SU(2)a SU(2)p
Y — e?:H/fQQiHh/feiH/f A — €2in/F? T, = v, T;

2 breaks SO(6), x SO(6)g to diagonal subgroup at scale f
A breaks SU(2). x SU(2), to diagonal subgroup at scale F

2 2 .
= Luopw)+ Tu0apn) a0 - AP - T

DY = 0% +igsa AT —igpn AP DA = 0A +iga AP A —iggA AP




After EWSB, the gauge boson masses become:
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Heavy Gauge Boson masses ~ F'> f

We choose tanf, = g,/gg = 1
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* To build Yukawa interactions, Fermions must transform under SO(6), or SO(6);

80(6)y: Q' = ( 75(—Qa1 = Qe2)  75(Qa1 — Qv2) 75(Qa2 — Qu1) 5(Qu2+ Qu) Qs Qs )
SO(0)g : (U)" = ( %(_Utfl —Ug) %(Ufl — Ug) %(Ul\fzz - Ua) %(Ufg +Uq) Us Ug )

SU(2), doublet: QL,T — %(— a1+ 1001, Qga: 1042, 0, 0)

SU(Z)B Singlet: UéCT — (03 03 0903 UE';C; 0) S — diag(li 15‘ 15 13 _1} _1)

Li=y1fQTSESU+ysf QLU+ ys fQT X UL + hec.

L J \ J \ J
Y Y Y
Breaks Preserves Preserves
SO(6), & SO(6)g SO(6), SO(6),,

* All 3 terms collectively break the symmetries protecting the Higgs

.. Top Yukawa & radiative corrections to V.. can be generated
N\




After EWSB, the fermion masses become (assuming y, # y;):
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, N Charge 2/3: T,, T,,, Ts, T
Mz, = (i +v2) f Charge -1/3: T4
M2 = (v +3) f? - (y%i“’;;)l(i‘;?%yjyg) Charge 5/3: T,

Mi%e. = M’%bz — Mi%w - y%fQ

Heavy Top Masses ~ f < F, lighter than Heavy Gauge Bosons

M2, = i (g?q + g%) (f2 + FQ) — %92’02 + (292 + %QFQ (92 + 9’2) (83 — 03)2) 4§;2

M =3 (4 aB) (2 4+ F2) - M3,




N\

1 TeV —+

100 GeV —

SM

— W/Z

Scalars Fermions
g T Ta
5 —
H° fo
= ¢,
EE— A ’
770

Gauge Bosons

Wf—

* Note: Top partners are relatively light (required to avoid fine-tuning)
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(tanb,, , tan0,,)

* (0.727,1.732)

* (0.325,0.577)

Fermion Masses (GeV)

M, 1,142 1,065

1 1,131 1,056

M. 731 615

My = My, = My 665 326

Dominant T, Decay Modes
(M, =120 GeV)

BR(T, — b W+) = 0.480
BR(T,—>tZ) =0.225
BR(T,—th) =0.114

BR(T;— T,,h) =0.420
BR(T;— T,s W) =0.269
BR(T;— T,,Z) =0.131
BR(T;— T h) =0.116

e tanf=4/3,M,=172.0GeV, f=1TeV
A Benchmark Point: (tanf,,, tan6,;) = (0.727, 1.732) for shorter decay chains




Pair Production occurs via gluon fusion

Cascade decays lead to many particles

in the final state

Pair Production of charge 5/3 and -1/3 heavy quarks leads to same sign dileptons
(Contino, Servant, hep-ph/0801.1679v2)




Single production of charge 2/3 heavy quarks occurs

via W exchange between light quark and b-quark partons

Single production of charge 5/3 and -1/3 quarks ¢

occurs in association with a top quark




T, Production Cross Sections
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——— pp—oTj,\Ns=7TeV
- pp—>T5j,Vs=14TeV

f (GeV)
5 600 800 1000 1200 1400 1600 1800 2000
310 T | T T T | T T T T T T | T T T | T T T | T T T | T T T
e k. —— pp—o T, T;,\s=7TeV
©10g e pp— T;T5, Vs =14 TeV

BRs for f =1 TeV,

(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,—bW* 0.480
T,—=tZ 0.225
T;—th 0.114
T,—bH" 0.086
T,—tA° 0.068
T,— tH° 0.018
T, — other 0.009

100 e we " s0o " foo0  7200 465
Mass (GeV)
Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 11.555 244,98
N Single Production 19.670 163.57

* o calculated using MADGRAPH 5
* BRs calculated using BRIDGE

M, =120GeV, M , =505 GeV

M =M , =500GeV
H A




T, Production Cross Sections

BRs for f =1 TeV,

(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,—bW* 0.416
T,—th 0.207
T,—bH" 0.192
T,—tZ 0.170
T, — other 0.015

f (GeV)
, 600 800 1000 1200 1400 1600 1800 2000

310 E T | T T T | T T T T T T | T T T I T T T | T T T I T T T 3

g E —— pp—> T, T, Vs=7TeV 3

©10e | e pp—-> T T, Vs=14Tev| 5

= ——— pp—> T j,\Ns=7TeV 3
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400 600 800 1000 1200

Mass (GeV)

Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 23.862 439.82
Single Production 23.481 178.09




T,, Production Cross Sections

BRs for f =1 TeV,

(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,—=tZ 0.491
T,—=bW* 0.258
T,—th 0.217
T,,—=bH" 0.012
T,, — other 0.022

f (GeV)
9 600 800 1000 1200 1400 1600 1800 2000
31 0 g T | T T T | T T T T T T | T T T | T T T | T T T | T T T
e k£ —— pp—> T, T, \s=7TeV 3
© 10~ i pP— T, Ty, Vs=14TeV| =
= ——— pp—> T, Ns=7TeV =
S Rt R [ pp - T, J, Vs =14 TeV =
3 E
10k -
10°
10—6 ] | ] ] | ] ] | ] ] | ] ] | ]
400 600 800 1000 1200
Mass (GeV)
Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 23.982 427.67
Single Production 17.457 131.98




T,, Production Cross Sections

f (GeV)
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BRs for f =1 TeV,
(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,,—TZ 0.334
T,,—T,Z 0.118
T,,—T,h 0.115
T,,—T.Z 0.086
T,,— Tsh 0.084
T,,— T:h 0.083
T,,—tZ 0.082
T,,—~bW"* 0.058
T,,— T,sW- 0.015
T,, — other 0.025

1200 1400 1600 1800 2“%225 ((2;?/0)
Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 0.19434 13.736
Single Production 0.21811 3.2883

Could adjust parameters so that T,
is lighter and more easily produced

/




T,4 Production Cross Sections

BRs for f =1 TeV,
(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,y,— TsW- 0.631
T,y,— T, W- 0.164
T,—T,W 0.138
T, ,—tW- 0.028
T, — other 0.039

f (GeV)
, 600 800 1000 1200 1400 1600 1800 2000
31 0 E T | T T T | T T T T T T | T T T I T T T | T T T | T T T g
= F —— PP T, Ty, \Ns=7TeV | 3
°©10e- e pp— T, Ty, Vs=14Tev] 5
= —— pp—> T, 1j,\s=7TeV -
1= i e pp—- T tj,\Ns=14TeV | =
10 E
10'6 | 11 1 | L1 1 | | |M| 11 1 | | I | 11 1 ‘|‘-|h‘\|“|"-|‘ 1
600 800 1000 1200 1400 1600 1800 2000 2200
Mass (GeV)
Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 0.21616 14.515
Single Production 0.0072314 0.23632

Could adjust parameters so that T,
is lighter and more easily produced

/




T, Production Cross Sections

BRs for f =1 TeV,
(tanb,,, tanB,;) = (0.727, 1.732)

Decay Mode BR
T,;—=tW* 0.982
T,; — other 0.018

f (GeV)
, 600 800 1000 1200 1400 1600 1800 2000
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400 600 800 1000 1200
Mass (GeV)
Process (f =1 TeV) | o (fb), 7 TeV | o (ib), 14 TeV
Pair Production 23.977 435.41
Single Production 7.8771 100.24




The Bestest Little Higgs Model generates a custodially symmetric Higgs quartic
and avoids fine-tuning in the top sector

Several top partners that are lighter than heavy gauge bosons, leading to
interesting phenomenology in heavy fermion sector

Production cross sections and branching ratios of heavy top quarks were
calculated for a specific parameter set fora 7 TeV and 14 TeV LHC

Must explore parameter space more fully and determine its effect on production
cross sections and branching ratios

Must simulate heavy top quark decays and consider backgrounds to final states







S

Introduce new interactions at scale A =4xf ~ 10 TeV with new particles at

f ~ 1 TeV: heavy gauge bosons, heavy scalars, new heavy quarks.

W w/
 Quadratic divergences in M,? are cancelled Q Q
g LN

by the contributions of these new particles.

OMfy = —= (6Mjy + 3M7 + M — 12M7) + .
ﬂ'

¢T/IN2 ¢
Doublet Triplet

 Scalar Sector: _(h+) b = ( O t,b+/\/§)




Little Higgs Model with Left-Right Symmetry

SO(9) — SO(5) x SO(4) D SUQ), x SUQ)x x SUQ2)y x U(1)y

* Scalar Sector: 00 1y
— Complex Higgs Doublet: h )= 010
— 3 Real Triplets: ¢2° (a,b=1, 2, 3) 140 0O

— Real Singlet: ¢°

» 0 V2h
S = M (m)el/ = 2T (s | = — [ —v2hT 0
d  —\2h




Begin by constructing a Lagrangian:

Top Sector:

05

qt

Liop=y1f (AT 1°04) % ( . ) +yofXTXC+ hec.

Gauge Sector:
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Radiative corrections generate a Coleman-Weinberg Potential:

Vo= fRO0-HOP A (00 + HOY
+ }\‘3' f2 ((I)ab i Hab)2 + )\‘3+ f2 (q)ab + Hab)2 + A)\G f2 (¢a3 + Ha3)2 + “2 hh

where AN, <<\
EWSB occurs when neutral scalars acquire vevs that minimize the potential

Shift scalar fields by their vevs and determine the interactions of the theory
h—h+tv 0= @0+y, %= Ry, (v =, RV

One can then determine mass eigenstates and calculate Feynman rules




Collective Quartic:
V ~ A f2(90-HO? + A f2(¢°+ H??  where H =h'h /(4f)

Radiative corrections generate operators of the form:

M FQ0-HO L) + AT P90+ HO L)

which preserve the shift symmetries:

h—h+e+... and d? — ¢° = (hie +eth)/(4f) + ...

In order to prevent quadratically divergent Higgs mass terms and ¢° tadpoles at
the one-loop level, additional symmetries on ¢° are required.

There 1s no viable one-Higgs doublet Little Higgs model where a collective
quartic involves a real singlet




 To build Yukawa interactions, Fermions must transform under SO(6), or SO(6),
SO(6),: Q"= ( %(_Qal — Qr2) %(Qal — Q2) %(QGQ — Qp1) %(QGQ + Qn) Qs Qs )

SO(6)p: (V)" = ( 75~V —Ua) Ui -V 5WUs—Us) SHUs+U5) U U )

SU(2), doublet: /7 — I35 (= Q1 1Qy, Qo 104, 0,0)

al’ al’ a2’

SU2)g singlet: 7 _, (¢ 0,00, 02°, 0) S = diag(1,1,1,1,-1,-1)

Identifying Q, with SM quark doublet (Y=1/6) requires additional U(1) symmetry

S50(6)4 | SO6)p | SUB)c | U(1)x

Q 6 — 3 2/3

Ty = Tp + Tx Q. 20 — 3 2/3
Ue — 6 3 —2/3

UL — 1) 3 —2/3




